
EFFECTS OF LOCAl GEOLOGICAl CONDITIONS 
ON STRONG-GROUND MOTIONS IN 

THE VICINITY OF COALINGA, CALIFORNIA 

R. D. Borcherdt, C. S. Mueller, and L. G. Wennerberg 

U.S. Geological Survey 

345 Middlefield Road, MS 77 

Menlo Park, California 

ABSTRACT 

An array of six portable digital event recorders (GEOS) recorded eighteen 
aftershocks (M 1-4.3) during a three day deployment period to investigate the 

effects of local site conditions on earthquake-generated ground motions in the 

community of Coalinga. Large frequency-dependent amplitude variations due to 

local site conditions were observed over distances less than 1.5 km. The 
sites underlain by alluvium, including two sites in the community of Coalinga 

show evidence of site resonances with inferred amplifications of horizontal 

motion exceeding a factor of 10 in some cases. In general , the wide dynamic 

range broad-bandwidth signals recorded on the array show considerable 
amplification of the higher frequency components of shaking (5-15 Hz), 

suggesting that the alluvial deposits underlying the community of Coalinga 

could have been a contributory factor in the damage to old brick structures 

observed during the May 2, 1983 Coalinga earthquake. 

INTRODUCTION 

The moderate earthquake (ML 6.5), which occurred on May 2, 1983 (23h 42m 
37.85s GMT) approximately 10 km northeast of Coalinga, California, caused more 
than 30 million dollars in damage. A majority of the damage was associated 

with older unreinforced masonry structures located in Coalinga (Rojahn, oral 

commun.). As the community of Coa linga is underlain by a thick section of 

alluvium, a significant question for evaluation of earthquake-induced damage 

concerns the influence of local geological conditions. This paper provides a 
preliminary interpretation of ground motions generated by aftershocks of the 



main event as recorded on wide-dynamic range, broad-bandwidth instrumentation 
(GEOS) located along a profile through the community of Coalinga. 

GEOLOGIC SETTING AND STRONG MOTION DATA 

The community of Coalinga is located in a northwest trending alluvial 
basin which serves as a surface expression of the Coalinga syncline. The 

basin is bounded on the northeast and southwest by sedimentary rocks of 

Tertiary and Cretaceous age which in turn are underlain by rocks of the 

Franciscan assemblage, which comprise the core of the Coalinga anticline. The 

damaging earthquake of May 2, 1983 occurred approximately 10 km northeast of 

Coalinga at a depth of 10.5 km (Eaton, 1983) beneath the surface axis of the 

Coalinga anticline. 

To investigate the effects of the alluvial section underlying Coalinga on 
strong ground shaking, six recording stations were established along a profile 

extending from the heavily damaged area of Coalinga across the basin margin to 

a competent rock outcrop, approximately 4 km southwest of Coalinga (figure 

1). The array was installed on May 19 and 20 and operated through May 23 as 

part of a larger strong-motion seismological study of the Coalinga aftershock 

sequence (Borcherdt and others, 1983). 

Detailed information on alluvial thickness and seismic velocity structure 
had not been compiled as of this report; however, in general, the alluvial 

thickness is expected to be greatest at the northeastern end of the array 

(stations AAW, DZN) beneath the community of Coalinga and decrease toward the 

southwestern end (station LUC) (Rymer, oral commun.). Station TOT is located 
just beyond the margin of the alluvial basin on a thin veneer of soil 

underlain by sandstone (Rymer, oral commun.) Station FRS is located 
approximately 2 km from the alluvial margin of the basin in the hills on an 

outcrop of sandstone (Rymer, oral commun.). 

Eighteen aftershocks were recorded by three or more stations during the 

three day deployment period. Twelve of these events were simultaneously 

recorded at station AAW located in Coalinga and at station FRS underlain by 

sandstone. Events of special interest are identified according to time of 
occurrence, 1222, 1005, and 0839, in figure 1 and table 1. 
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Figure 1. location map for aftershocks recorded on a broad-band, 
digital array of six stations extending from the community of 
Coalinga to a nearby bedrock outcrop. 



Event 
Time 

122 2342 

140 1222 

141 1005 

141 2000 

142 0839 

142 0950 

143 1327 

Table 1. Main event and some of the aftershocks recorded 
on the Coalinga array. 

Latitude 

Deg Min 

6.5 36 13.99 
3.0 36 10.45 

3.2 36 10.45 

3.0 36 10.08 

4.3 36 08.30 

2.3 36 11.06 

3.1 36 11.49 

Longitude 

Deg Min 

120 17 .59 

120 15.29 

120 15.52 
120 18.67 

120 13.02 

120 19.91 

120 18.30 

Depth 

km 

10.5 

9.2 

9.7 

7.2 

9.3 

5.6 

8.3 

Dist 

AAW 
km 

12.1 

13.6 

13.7 

9.0 

15.7 

7.9 

11.2 



The array of instrument at ion was comprised of six por'table dig ital 

recorde rs (GEOS) (Borcherdt and others, 1979). Each system was equipped to 
record t hree components of ground mot io n as detect ed by two sets of se nsors 

(vel ocity transducers and forc e-bal anc ed acce lerometers ) . Ut il i zation of two 

sets of sensors permits the microcompute r based recordi ng system to record on

scale seismic signals ranging from that of the sei smic background noi se to the 

upper l i mit of th f= accele rometers (> J.g ) with 16 BIT (96 db) sign al resoluti on 
without change in gain set tings. The t1; de dynamic range and broad frequency 

bandwidth of the recorded signals provides a un ique opportunity to investigate 
the hi gh -frequency response of an al l uvi al bas in . 

ANALOG AMPLIFICATIONS 

Three components of gr ou nd veloci t y generated by the largest af t e rshock 

recorded on the ar ray (1 42 OB39, ML 4.3) are s hown for fi ve of the ar ray 
stations (figures 2a, 2b , and 2c). Vi sual compa ri son of t he time hi s tories 

shows that, in general, the amplitudes and durat ions of the velocity t ime 

histo ri es are greater fo r t he s ites under lain by a"ll uvium (AAW, DZN, LUC) tha n 
those for sandsto ne (FRS). The appa rent soil amplificat ion effects are 

greater for the horizont al components of motion than for the vertical 

component s. Stat ion TOT near the margi n of the bas in shows vertica l 

amplitudes greater t han those on the al luvial si t es , but ho ri zontal ampl itudes 

comparable or less t han t hos e at the al luvial si t es . It should be poi nted out 

that the horizontal velocity recordings for stat io ns LUC and TOT are "clipped" 

due to gain sett i ngs i nappropr i ate fo r t he dyamic ra nge and sensiti vity of the 

velocity transduce rs . Calcul ation of soil respo nses for t his event wi ll be 
based on recordings of the force-balanced accelerometers to be discussed in a 

later sect ion. 

A similar set of recordings for a smaller event (141 1005 ML 3.2) located 
more inline with the ar ray pr of i le (figure 1) is shown in figures 3a , 3b, and 

3c. Simil arly , these t ime his tories suggest that t he ground velocit ies 
recorded on the all uvial s ites are severa l times la rger than t hose obse rved on 

the sandstone site with the largest time-histo ry amplitudes occurring for the 

horizontal component s of gr ou nd veloc i ty recorded at the sites AAW and DZN 

located i n Coal inga . The maxi mum peak-to-peak amp li tudes observed for events 

of magn i tude greater than 2.5 are tabluated (table 2). Co r responding ratios 
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Figure 2a. Three components of ground velocity generated by a 
magnitude 4.3 event (0839, figure 1) as recorded on five wide
dynamic range broad-bandwidth digital instruments (GEOS). 
Equiscaled recordings of the vertical (figure 2a), east-west 
(figure 2b), and north-south (figure 2c) components of ground 
motion are shown. 
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Figure 2b. Three components of ground velocity generated by a 
magnitude 4.3 event (0839, figure 1) as recorded on five wide
dynamic range broad-bandwidth digital instruments (GEOS). 
Equiscaled recordings of the vertical (figure 2a), east-west 
(figure 2b), and north-south (figure 2c) components of ground 
motion are shown. 
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Figure 2c. Three components of ground velocity generated by a 
magnitude 4.3 event (0839, figure 1) as recorded on five wide
dynamic range broad-bandwidth digital instruments (GEOS). 
Equ1scaled recordings of the vertical (figure 2a), east-west 
(figure 2b), and north-south (figure 2c) components of ground 
motion are shown. 
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Figure 3a. Three components of ground velocity generated by a 
magnitude 3.2 event (1005, figure 1) as recorded on five wide
dynamic range broad-bandwidth digital instruments (GEOS). 
Equiscaled recordings of vertical (figure 3a), east-west (figure 
3b), and north-south (figure 3c) components of ground mot ion are 
shown. 
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Figure 3b. Three components of ground velocity generated by a 
magnitude 3.2 event (1005, figure 1) as recorded on five wide
dynamic range broad-bandwidth digital instruments (GEOS). 
Equiscaled recordings of vertical (figure 3a), east-west (figure 
3b), and north-south (figure 3c) components of ground motion are 
shown. 
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Figure 3c. Three components of ground velocity generated by a 
magnitude 3.2 event (1005, figure 1) as recorded on five wide
dynamic range broad-bandwidth digital instruments. (GEOS). 
Equ;scaled recordings of vertical (figure 3a), east-west {figure 
3b)t and north-south (figure 3c) components of ground motion are 
shown. 



with respect to st ation FRS and scaled to account for geometrical spreading 

are also tabulated (table 2, cols. 3-6). Events 140 1222 and 141 1005 are of 

similar magnitude . depth, and azimuth with respect to the array (see t able 1 

and figu re 1). Eve nt 142 0839 is of larger magnitude (ML 4.3 vs 3), 

comparable depth, comparable distance, and along a more easterly azimuth more 

in line with the l ong axis of the alluvial basin . In the case of the 
magnitu de 4.3 event (142 0839) the va ri ations i n no rmalized amplitudes from 

those for events 140 1222 and 141 1005 suggest that source location with 

respect to syncline axis may be a significant factor in relative ground 

response observed on the ar ray. 

Averages computed at each site fo r the ni ne events wi t h ML 2 2.5 (table 

2) suggest the amplifications of vertical motion increase with decreasing 

thickness of allu vi um with the largest amplificat ions occur ring at the margin 

of the basin. In ve rsely, the horizont al amplifi cations increase wit h 

increasing thickness and are largest for the sites in Coalinga. 

Examples of t he Fourier amplitude spectra scaled to the hypocen tral 

di stance of station FRS are shown for t hree components of accelerat ion 

generated by the magnitude 4.3 event for station AAW (downtown Coalinga) 

(figure 4a) and station FRS (f igure 4b). Inspection of the amplitude spectra 

comput ed for all of the recorded time hi stories suggests t hat a seismi c signal 

level significantly above the seismic noise level can be expected in the 

frequency bandwidth of 0.5-25 Hz. 

Instrumentat io n respo nse curves computed fr om calibration sign als 

automat ically recorded at each of the stations provide an accurate means of 

estimating variations in observed amplitude due to variations in instrumen
tation response at the time events are recorded . Exampl es of the 
instrumentation response to a step function in accelerati on applied to the 

velocity transducers for stations AAW and FRS are illustrated in figures 5a 

and 5b. Comparison of the cu rves shows that the amplitude response for the 

systems are simi lar, but subtl e variatio ns suggest that i nst rument cali bration 

at the time of data recovery is useful for comparative ground motion 

measurements. Previous comparative studies by Borcherdt (1970) using analog 

instrumentation have shown a similar result. 
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Figure 4a. Fourier amplitude and acceleration time histories for the three components of 
ground acceleration recorded at site AAW in Coalinga (figure 4a) and at the rock site FRS 
(figure 4b). 
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Figure 4b. Fourier amplitude and acceleration time histories for the three components of 
ground acceleration recorded at site AAW in Coalinga (figure 4a) and at the rock site FRS 
(figure 4b). 
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Figure 5a. Time history and Fourier amplitude response of GEOS recording system to step 
function in acceleration applied to velocity transducer automatically in the field at 
stations AAW (figure Sa) and FRS (figure 5b). 
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Figure 5b. Time history and Fourier amplitude response of GEOS recording system to step 
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SPECTRAL AMPLIfICATI ONS 

To better isolate the effects of local site conditions from those of 

sensor , recording instrument, seismic so urce, and propaga tion path , Fourier 
ampli tude spectral ratios were computed with respect to stati on FRS unde rlain 

by sandstone. To account for variations in amplitude due t o geometrical 

spreading the amp li tude spectra were scaled to correspond to the hypocentral 

di stance of stati on FR S. Exampl es of the vert ical component spectral ratios 

are shown for two magnitude 3 events (140 1222 and 141 1005) and the ma gnitude 
4.3 event (142 0839) (in figure 6). The radial and transverse component 
spectral ratios for these events are shown in fi gu res 7 and 8. 

The spectral ratios for t he two magnitude 3 events (140 1222 and 141 

1005) which occurred in about the same location (see figure 1) are very nearly 
the same for eac h of the s ites , espec iall y for frequencies less than 15 Hz 
(compa re figures 6a and 6b, 7a and 7b. and 8a and 8b) . Howe ver, the s pectral 

ratios for the magnitude 4.3 event (142 0839) when compared to those for the 

magnitude 3 events show significant va ri ations as a function of freq uency with 

evidence for pos sible reasonances, especi ally for frequencies greater than 5 

Hz (compare figures 6b and 6c, 7b and 7c, and 8b and 8c). The variations in 

the spectral ratios shown for the three events suggests that the high

freque ncy respons e (> 5 Hz) of the soil sites is strongly d{~pe ndent on both 
source l ocation and near-su rface velocity struct ure pertinent to vari ou s 

propagation paths. A more detailed interpretation of the spectral ratios must 

await compilation of information on near-surface velocity st ructure, ba sin 

geomet ry, and es t imates of source radiat ion clla racteristics . 

To summarize the amplifications observed for a larger sample of events 
than those for wh i ch spectral ratios were computed, means and standard 

deviat ions are plot ted for the analog ratios of peak ground motions (table 2) 

determi ned relati ve to station FRS for all events of magnitude greate r than 

2.5 (figures 9a, 9b, and 9c) . The mean amplification ratios suggest that in 

general the mean hor izontal so il site decrease from about a factor of 5 for 

the sites in Coal inga to about a factor of 3 for the site TOT on the margin of 

the basin. Mean analog amplifications of the vertical motion show an inverse 
relatio n with the largest amplifications occurri nq for site TOT. 
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Figure 6a. Time histories and amplitude spectral ratios computed for vertical component 
of motion at sites AAW, LUC, and TOT generated by event 1222 (figure 6a), event 1005 
(figure 6b) and event 0839 (figure 6c). 
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Figure 6b. Time histories and amplitude spectral ratios computed for vertical component 
of motion at sites AAW, LUC, and TOT generated by event 1222 (figure 6a), event 1005 
(figure 6b) and event 0839 (figure 6c). 
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Figure 7a. Time histories and amplitude spectral ratios computed for radial component 
of motion at sites AAW, LUC, and TOT generated by event 1222 (figure 7a), event 1005 
(figure 7b) and event 0839 (figure 7c). 
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Figure 8a. Time histories and amplitude spectral ratios computed for transverse 
component of motion at sites AAW, LUC, and TOT generated by event 1222 (figure 8a), 
event 1005 (figure 8b) and event 0839 (figure 8c). 
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Uncertainty in the estimates as measured by the computed standard 

deviations are in general largest for the sites in Coalinga. The small sample 

size (three events) for site COF yields a relatively poor estimate of 

variability. Increased variability in the peak motions at the sites in 

Coalinga is consistent with strongly f requency-dependent amplification effects 

of the local soil deposits and azimuthal variations in basin response and 

propagation path as apparent from the computed spectral ratios (figures 6, 7, 

and 8). Even though the variability in the ratios of peak motions is 

considerable, their means suggest that the amplitudes of horizontal ground 

motions observed on alluvium in the community of Coal i nga were significantly 

larger than those observed at the sandstone site FRS about 1 km from the 

margin of the alluvial basin. If similar amplification effects occurred 

during the May 2 event, then analog amplifications observed from the 

aftershocks suggest that the local site conditions beneath Coalinga could have 

been a contributory factor in the amounts of resultant damage. 

The spectral ratios computed for three events (figures 6, 7, and 8) 

suggest that the calculated ground-motion spectra are strong ly site and 
propagation path dependent with large frequency-dependent amplitude variations 

occurring over relatively short distances « 1.5 km). Considerable 

amplification of the higher-frequency part of the spectrum (> 5 Hz) is 
apparent for the three components of motion at each of the sites. 

The spectral ratios for the sites in Coalinga suggest average 

amplifications over the frequency band, 0.5-25 Hz, of about 2 (vertical), 4 

(radial), and 3 (transverse) with larger average amplifications for the 
frequency band 1-15 Hz. The spectral ratios at these sites for the hori zontal 

components of motion suggest the existence of several resonant frequencies 

with spectral amplifications greater than 10 in the frequency band 1-15 Hz. 

If these spectral ratios are indicative of the soil response at this site 

during the main event of May 2, then the suggested amplification at the higher 

frequencies 5-15 Hz may have been a contributing factor in the resulting 

damage to the older unreinforced masonry structures. Natural periods for the 

one and two story damaged structures are estimated to be in the range 0.05-0.2 

sec (Scholl, oral commun.) based on previous studies by Scholl and Farhoomand 

(1972) and Blume, Sharpe, and Elasser (1961). The estimates of soil response 

at the Coalinga site presented here are preliminary and further study is 



required to determine the extent to which they can be extrapolated to the main 

event. 
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Table 2. Maximum and normalized peak-to-peak amplitudes 
recorded on Coalinga array (M 1.. ,2.5). 

Event Station Maximum Normal i zed ( FRS) 
10 10 Z NS EW Z NS EW 

cm/s 

140 0741 
M = 3.0 

LUC .013 .022 .024 1.5 2.8 2.0 
TOT .015 .017 .015 1.8 2.3 1.3 
FRS .0077 .007 .011 1.0 1.0 1.0 

140 1101 

M = 3.2 
AAW .041 .077 .095 1.5 3.4 4.2 
LUC .042 .042 .057 1.7 2.1 2.9 
TOT .070 .057 .044 3.1 3.1 2.3 
FRS .022 .018 .018 1.0 1.0 1.0 

140 1222 

M = 3.0 
AAW .032 .14 .15 1.6 9.6 4.4 
LUC .034 .061 .090 1.9 4.6 2.9 
TOT .042 .042 .048 2.5 3.3 1.6 
FRS .016 .012 .028 1.0 1.0 1.0 

141 1005 

M = 3.2 
AA~J .060 .29 .31 1.6 13.2 5.2 
DZN .062 .27 .28 1.6 12.5 4.7 
LUC .052 .097 .17 1.5 4.9 3.2 
TOT .081 .092 .10 2.4 4.8 1.9 
FRS .032 .018 .049 1.0 1.0 1.0 

141 1629 

M = 2.6 
AAW .026 .078 .073 3.4 14.0 11.5 
TOT .016 .026 .013 2.5 5.5 2.4 
FRS .0060 .0044 .0050 1.0 1.0 1.0 

141 2000 

M = 3.0 
AAW .058 .11 .13 1.9 3.1 3.6 
DZN .050 .13 .11 1.7 3.7 3.2 
CDF .054 .15 .17 1.9 4.5 5.1 
LUC .063 .086 .13 2.4 2.8 4.2 
TOT .056 .073 .070 2.2 2.5 2.4 
FRS .023 .027 .027 1.0 1.0 1.0 



Table 2. (Continued) 

Event Station Maximum Norma 1 i zed ( FRS) 
10 ID Z NS EW Z NS EW 

cm/s 

142 0839 
M =""""4.j 

AAW .30 .70 .98 1.6 1.4 3.0 
DZN .33 .75 .82 1.8 1.5 2.6 
LUC .32 .94 .78 1.9 2.1 2.7 
TOT .44 .96 .52 2.7 2.2 1.8 
FRS .16 .41 .27 1.0 1.0 1.0 

142 2103 

M = 2.8 
DZN .050 .049 .076 6.3 5.4 7.5 
CDF .039 .032 .063 5.2 3.7 6.4 
LUC .035 .026 .047 4.7 3.1 4.9 
TOT .044 .028 .055 6.1 3.4 5.9 
FRS .0070 .0080 .0090 1.0 1.0 1.0 

143 0925 

M = 3.1 
AAW .013 .023 .013 1.3 3.8 2.4 
TOT .036 .016 .015 4.3 3.1 3.2 
FRS .0080 .0050 .0045 1.0 1.0 1.0 

Average 
AAW 1.8±0.7 6.9±5.2 4.9±3.0 
DZN 2.9±2.3 5.8±4.8 4.5±2.2 
CDF 3.6±2.3 4.1±0.6 5.8±0.9 
LUC 2.2±1.1 3.2± 1.1 3.3±1.0 
TOT 3.1±1.3 3.4±1.1 2.5±1.4 
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